We investigate the in-plane spin relaxation of electrons due to the D'yakonov-Perel' and ElliotYafet mechanisms including the intra-and inter-valley processes in monolayer MoS2. We construct the effective Hamiltonian for the conduction band using the Löwdin partition method from the anisotropic two-band Hamiltonian with the intrinsic spin-orbit coupling of the conduction band included. The spin-orbit coupling of the conduction band induces the intra-and inter-valley D'yakonov-Perel' spin relaxation. In addition, the Elliot-Yafet spin relaxation also takes place due to the interband spin mixing. We find that the D'yakonov-Perel' mechanism dominates the in-plane spin relaxation. In the framework of this mechanism, the intravalley process is shown to play a more important role at low temperature whereas the intervalley one becomes more important at high temperature. At the temperature in between, the leading process of the in-plane spin relaxation changes from the intervalley to intravalley one as the electron density increases. Moreover, we find that the intravalley process is dominated by the electron-electron Coulomb scattering even with high impurity density since the dominant term in the spin-orbit coupling is isotropic, which does not lead to the spin relaxation together with the electron-impurity scattering. This is very different from the previous studies in semiconductors and graphene.
I. INTRODUCTION
In the past few years, great efforts have been devoted to a new two-dimensional material, i.e., monolayer MoS 2 1-3 since it has a direct gap at K(K ′ ) point, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] valley-dependent interband optical selection rule, 11, [21] [22] [23] [24] [25] and also good spin properties. 9, 11, 14, [16] [17] [18] [19] [20] [26] [27] [28] Specifically, both the conduction and valence bands are spin splitted caused by the space inversion asymmetry. 9, 11, 14, [16] [17] [18] [19] [20] [26] [27] [28] This spin splitting at K(K ′ ) point has opposite signs due to the time reversal symmetry, which makes the spintronics intriguing in this multivalley system. Spin relaxation, which is one of the prerequisites in realizing spintronic devices, has been studied in monolayer MoS 2 very recently. 28, 29 There exist both the intravalley 28 and intervalley 29 spin relaxation processes. Specifically, Ochoa and Roldán 28 investigated the intravalley electron relaxation process for in-plane spins due to what they claimed both the D'yakonov-Perel'
30
(DP) and Elliot-Yafet 31 (EY) mechanisms. However, the intravalley DP spin relaxation process contributed by the disorder is in fact absent since the isotropic low-energy two-band Hamiltonian, 11 i.e.,
is employed in their calculation. 30, 32 Here, τ and σ are the Pauli matrices for two Bloch basis functions and spins, respectively; τ µ = (µτ x , τ y ); valley index µ = 1(−1) represents K(K ′ ) valley; ∆ is the energy gap; λ v is the strength of the intrinsic spin-orbit coupling (SOC) of the valence band. This isotropic Hamiltonian can lead to the intravalley spin relaxation in the presence of the electron-electron Coulomb and intravalley electron-phonon scatterings. These scatterings are unfortunately absent in Ref. 28 . In addition, according to the latest report by Rostami et al., 17 the isotropic two-band Hamiltonian becomes anisotropic when higher order terms in the momentum are taken into account. Specifically,
in which the last term is anisotropic. This anisotropic term can cause the DP spin relaxation together with the electron-impurity scattering. Moreover, the intrinsic SOC of the conduction band [λ c µσ z (1 + τ z )/2], which provides opposite effective magnetic fields in the two valleys, 18,33 is neglected in the above Hamiltonians [Eqs. (1) and (2)]. This SOC has been demonstrated to open an intervalley DP relaxation process for in-plane spins in the presence of intervalley electron-phonon scattering very recently by Wang and Wu.
29 Therefore, it is of crucial importance to give a full investigation on the spin relaxation and compare the relative importance of each mechanism in monolayer MoS 2 .
In the present work, by taking into account all the relevant scatterings, we study the electron spin relaxation due to the DP and EY mechanisms with the intraand inter-valley processes included in monolayer MoS 2 by the kinetic spin Block equation (KSBE) approach.
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With the anisotropic two-band Hamiltonian by Rostami et al. 17 [see Eq. (2)] and the intrinsic SOC of the conduction band included, 18, 33 the SOC of the conduction band near the K(K ′ ) point to the third order of the momentum is given by
which is obtained by the Löwdin partition method.
34,35
Here, the z-axis is set to be out of the monolayer MoS 2 plane; the coefficients A 1 and A 2 are given in Appendix A. The first two terms contain valley index and therefore provide an intervalley inhomogeneous broadening 36 for in-plane spins, which leads to intervalley DP spin relaxation together with the intervalley scattering. 29, 37, 38 In addition, the last two terms are momentum dependent, which induce not only the intervalley DP spin relaxation with the intervalley scattering but also the intravalley one with the intravalley scattering. It is noted that only the anisotropic cubic term causes the DP spin relaxation with the electron-impurity scattering.
In addition to the DP mechanism, we also include the EY one. However, the contribution of the EY mechanism to the in-plane spin relaxation is negligible compared with that of the DP one due to the marginal in-plane spin mixing. In the framework of the DP mechanism, we find that the intravalley process plays a more important role at low temperature. However, at high temperature, the intervalley process becomes more important. As for the temperature in between, we find that the leading process of the spin relaxation changes from the intervalley to intravalley one with increasing electron density. Moreover, we find that the electron-electron Coulomb scattering dominates the intravalley process even in the presence of high impurity density, due to the negligible inhomogeneous broadening from the anisotropic term in the SOC. This is very different from semiconductors 32 and graphene.
38,39
This paper is organized as follows. In Sec. II, we introduce our model and the numerical method. Then in Sec. III, we investigate the temperature and electrondensity dependences of the in-plane spin relaxation. We summarize in Sec. IV.
II. MODEL AND KSBES
In monolayer MoS 2 , the effective Hamiltonian of the conduction band near the K(K ′ ) point can be written as
where ǫ µk = 2 k 2 /(2m * ) with m * being the effective mass and Ω µ is given in Eq. (3). This effective Hamiltonian is obtained by the Löwdin partition method 34, 35 up to the third order of the momentum. 40 The details are shown in Appendix A. It is noted that similar effective Hamiltonian with the cubic term neglected has been given by Kormányos et al.. 33 We then construct the microscopic KSBEs 32 to study the electron spin relaxation in monolayer MoS 2 . The KSBEs read
where ρ µk stand for the density matrices of electrons with the diagonal terms ρ µk,σσ ≡ f µkσ (σ = ± 1 2 ) denoting the distribution functions and the off-diagonal ones ρ µk,(
being the spin coherence. The coherent terms ∂ t ρ µk | coh are given in Ref. 39 . ∂ t ρ µk | scat are the scattering terms including the spin conserving terms, i.e., the electron-electron Coulomb, electron-impurity, intravalley electron-acoustic phonon, electron-optical phonon, and also the intervalley electronphonon 13, 29 (electron-KTA, -KLA, -KTO, and -KLO) scatterings and the spin-flip terms due to the EY mechanism.
31 Their detailed expressions can be found in Ref. 41 42 and here we only show the electron-electron Coulomb scattering in Appendix A. The scattering matrix elements have been introduced in Ref. 29 and the spin mixingΛ µk,µ ′ k ′ for the conduction band in the spinflip scattering terms is given in Appendix A.
III. NUMERICAL RESULTS
In the calculation, the effective mass, calculated from Eq. (A1) in Appendix A, reads m * = 0.38m 0 with m 0 being the free electron mass. The coefficients of the SOC λ c = 1.5 meV, 32 The initial spin polarization is taken to be 2.5 % and the spin-polarization direction is set to be in the monolayer MoS 2 plane unless otherwise specified.
We first investigate the temperature dependence of the in-plane spin relaxation. The in-plane SRTs τ s as function of temperature T with different electron densities are plotted in Fig. 1 . The impurity density is taken to be N i = 0.1N e with N e being the electron density. We first focus on the case of N e = 7 × 10 12 cm −2 , i.e., Fig. 1(a) . By comparing the EY (curve with +) and DP (curve with ×) SRTs, we find that the SRT due to the EY mechanism is about four orders of magnitude larger than the one due to the DP mechanism. It is noted that when we artificially increase the impurity density to N i = 10N e , the EY SRT is still two orders of magnitude larger than the DP one (not shown). This indicates that the contribution of the EY mechanism to the in-plane spin relaxation is negligible, which originates from the extremely small spin mixing as shown in Appendix A. We also find that the dominant DP SRT presents a monotonic decrease with the increase of the temperature. To understand this behavior, we calculate the SRT due to the DP 13 cm −2 . In addition, in (a), curve with ( ) stands for τs due to the DP mechanism with only the electron-electron Coulomb (electron-impurity) scattering whereas the one with + represents the SRT due to the EY mechanism. The impurity density Ni = 0.1Ne. mechanism with only the intravalley ( ) or intervalley (•) process included, separately. It is seen that both the intra-and inter-valley 29 SRTs decrease with increasing temperature, leading to the decrease of the total SRT. By comparing these two processes, the intravalley one is found to be more important at low temperature whereas the intervalley one plays a more important role at high temperature.
In addition, in contrast to the rapid decrease of the SRT of the intervalley process, 29 we find that the intravalley SRT decreases mildly with the increase of the temperature when the electron density N e = 7 × 10 12 cm −2 [see Fig. 1(a) ]. Similar behaviors are also observed when we increase the electron density to N e = 1.5 × 10 13 cm −2 and N e = 2 × 10 13 cm −2 as shown in Figs. 1(b) and 1(c) , respectively. To facilitate the understanding of this behavior, we calculate the intravalley SRT with only the electron-electron Coulomb, electronimpurity, or intravalley electron-phonon scattering included, separately. We find that the intravalley process is dominated by the electron-electron Coulomb scattering [only show the case of N e = 7 × 10 12 cm −2
in Fig. 1(a) ], which is very different from the previous studies in semiconductors 32 and graphene 38, 39 where the electron-impurity scattering plays a very important role in spin relaxation. Here, the marginal contribution of the electron-impurity scattering to the intravalley DP spin relaxation is due to the extremely week inhomogeneous broadening from the anisotropic cubic term in the SOC [see Eq. (3)]. If this cubic term is further neglected, the DP spin relaxation due to the electron-impurity scattering becomes absent as previously mentioned.
The decrease of the intravalley SRT due to the electron-electron Coulomb scattering with increasing temperature in the degenerate limit 43 is very different from the previous studies in semiconductors, [44] [45] [46] [47] [48] [49] [50] [51] where a peak in the temperature dependence of the SRT from the degenerate-to-nondegenerate limit was theoretically predicted 41, 44 and experimentally realized 45, 46, 50 when the spin relaxation is dominated by the electron-electron Coulomb scattering. The underlying physics can be understood from a simplified two-state model detailed in Appendix B. When the system is highly degenerate, the inhomogeneous broadening from the second term of the SOC in Eq. (3) is proportional to T 2 , which suppresses the enhancement of the electron-electron Coulomb scattering from the weakened Pauli blocking with increasing temperature. 52 This leads to the decrease of the SRT with the increase of temperature. It is noted that when we artificially neglect the polar angle dependence of the momentum in the SOC [similar to the second term of the SOC in Eq. (3)] in semiconductors, the SRT also decreases with increasing temperature in the degenerate limit and the peak in the temperature dependence of the SRT becomes absent too (not shown).
Then we turn to study the dependence of the in-plane SRT on the electron density. As the contribution of the EY mechanism to the spin relaxation is negligible, we only calculate the total SRT and its intravalley or intervalley process due to the DP mechanism. With the impurity density N i = 0.1N e , the results at different temperatures are plotted in Fig. 2 . We find that at low temperature (i.e., T = 50 K), the intravalley process is always more important than the intervalley one as the electron density increases. However, at high temperature (i.e., T = 200 K), the intervalley process becomes more important. As for the temperature in between (i.e., T = 100 K), the leading process is found to change from the intervalley to intravalley one with the increase of electron density. In addition, we find that the total SRTs in different cases all decrease with the increase of electron density. We also find that the intervalley SRTs show a monotonic decrease with increasing electron density. This is because the intervalley electron-phonon scattering is in the weak scattering limit, which determines the decrease of the intervalley SRT with the enhancement of the intervalley scattering as the electron density increases. 29 As for the intravalley process, the SRT decreases with increasing electron density at T = 50 K whereas a peak is observed in the density dependence of the SRT at T = 100 and 200 K due to the crossover from the nondegenerate-to-degenerate limit. 41, 53 The increase of the intravalley SRT at T = 100 and 200 K is suppressed by the decrease of the intervalley one, which leads to the decrease of the total SRT with increasing electron density.
IV. SUMMARY
In summary, we have investigated the in-plane spin relaxation of electrons in monolayer MoS 2 . We construct the effective Hamiltonian for the conduction band by the Löwdin partition method including the anisotropic twoband Hamiltonian and the intrinsic SOC of the conduction band. We find that the SOC of the conduction band can lead to the intra-and inter-valley DP spin relaxation. In addition, the EY spin relaxation also exists due to the interband spin mixing.
We calculate the electron spin relaxation due to the DP and EY mechanisms including the intra-and intervalley processes by numerically solving the KSBEs with all the relevant scatterings included. We find that the in-plane spin relaxation is dominated by the DP mechanism whereas the contribution of the EY mechanism is marginal due to the extremely weak in-plane spin mixing. For the dominant DP mechanism, the intravalley process is found to be more important at low temperature whereas the intervalley one plays a more important role at high temperature. At the temperature in between, a crossover of the leading process from the intervalley to intravalley one is shown with the increase of electron density. Moreover, we find that even in the presence of high impurity density, the intravalley process is dominated by the electron-electron Coulomb scattering since only the negligible anisotropic term in the SOC contributes to the intravalley spin relaxation due to the electron-impurity scattering. This is quite different from semiconductors and graphene. In addition, the decrease of the intravalley SRT due to the electron-electron Coulomb scattering with the increase of temperature in the degenerate limit is of great difference from the previous studies in semiconductors, where a peak in the temperature dependence of the SRT was theoretically predicted and experimentally realized when the electron-electron Coulomb scattering is dominant.
Including the anisotropic two-band Hamiltonian [Eq. (2) ] and the intrinsic SOC of the conduction band, the total two-band Hamiltonian describing the lowenergy conduction and valence bands near the K(K ′ ) point reads H µ tot = H a µ + λ c µσ z (1 + τ z )/2. We define the leading part of this Hamiltonian (i.e., momentumindependent part) as H 0 = ∆τ z /2 + λ v µσ z (1 − τ z )/2 + λ c µσ z (1 + τ z )/2. By considering the large energy gap ∆, we construct the effective Hamiltonian of the conduction band by the Löwdin partition method. 34, 35 Up to the third order of the momentum, the effective Hamiltonian is given in Eqs. (3) and (4) . The effective mass m * in Eq. (4) and the coefficients of the SOC A 1 , A 2 in Eq. (3) read
In addition, the spin mixingΛ µk,µ ′ k ′ for the conduction band in the spin-flip scattering due to the EY mechanism is given byΛ µk,
]/2 withÎ standing for a 2 × 2 unit matrix.
µk can be written as
It is noted that the unit matrix inΛ µk,µ ′ k ′ does not cause any spin flipping. The second term S
(1)
σ z where only the term containing σ z induces the spin flipping for the in-plane spins. However, this term (∝ ∆ −3 ) is negligible due to the large energy gap. Similarly, the contribution of the last two terms is also marginal.
With the spin mixingΛ µk,µ ′ k ′ included, the electronelectron Coulomb scattering term in Eq. (5) can be written as
with |V µ k,k ′ | 2 being the electron-electron Coulomb scattering matrix element.
Appendix B: A SIMPLIFIED TWO-STATE MODEL
We consider the intravalley in-plane spin relaxation due to the DP mechanism with only the electron-electron Coulomb scattering included. The KSBEs, i.e., Eq. (5) can be written as
with the relaxation time approximation where τ ee |k−k ′ | represents the momentum scattering time due to electron-electron Coulomb scattering. It is noted that the valley index µ is omitted since only the intravalley process is considered here. As it is difficult to solve this equation analytically, we start from a two-state model for simplicity. Specifically,
It is noted that the isotropic approximation is employed by considering the isotropy of the SOC. 54 With B 1 = 2λ c + A 1 (k 2 + k ′ 2 )/2, B 2 = A 1 (k 2 − k ′ 2 )/2 and unitary transformation ρ k = e −iB1σz t/(2 )ρ k e iB1σz t/(2 ) , the above equations become
By defining the spin vector asS k (t) = Tr(ρ k σ), one obtains
With the initial spin polarization along x-axisS 
by considering |B 2 |τ ee / ≪ 1. Then, the total spin vector along the x-direction reads S 2 /E F in the degenerate limit with E F being the Fermi energy. 52 Therefore, one has τ s (k F ) ∝ ln(E F /k B T )/E F .
